The most definitive approach in assigning gene function in mammals has been the generation of transgenics using embryonic stem (ES) cell technology in mice, and pronuclear injection or nuclear transfer techniques with other animals (for example, rats, sheep, and monkeys) in which ES technology has lagged [2] [3] [4] [5] . Although several investigators are developing non-murine ES cells [6] in monkeys and humans, that technology has not been fully realized as of this writing. Nuclear transfer is a promising transgenic technique, but remains technically demanding and inefficient [7, 8] . Indeed, the problem with most germline transgenic approaches is that they are very laborious and time-intensive, particularly genetic "knockouts" which involve the construction of homologous targeting vectors as well as the care and breeding of heterozygous animals, and the rate of gene cloning has rapidly outpaced our ability to do functional studies in vivo. Moreover, standard transgenic animals are expensive, difficult to breed, and may be sterile.
What's "Wrong" with Transgenic Mice?
The most definitive approach in assigning gene function in mammals has been the generation of transgenics using embryonic stem (ES) cell technology in mice, and pronuclear injection or nuclear transfer techniques with other animals (for example, rats, sheep, and monkeys) in which ES technology has lagged [2] [3] [4] [5] . Although several investigators are developing non-murine ES cells [6] in monkeys and humans, that technology has not been fully realized as of this writing. Nuclear transfer is a promising transgenic technique, but remains technically demanding and inefficient [7, 8] . Indeed, the problem with most germline transgenic approaches is that they are very laborious and time-intensive, particularly genetic "knockouts" which involve the construction of homologous targeting vectors as well as the care and breeding of heterozygous animals, and the rate of gene cloning has rapidly outpaced our ability to do functional studies in vivo. Moreover, standard transgenic animals are expensive, difficult to breed, and may be sterile.
Another problem with classical transgenics is maintaining tight control over gene expression. A pleiotropic gene may fail to generate a viable animal when it is eliminated or overexpressed early in development, and some promising transgenics have turned out to have lethal phenotypes. On the opposite extreme, transgenics can have completely silent or masked phenotypes due to redundancy of gene functions, which means that the substantial investment of creating a transgenic occasionally results in a phenotypically normal animal. Although transgenics have been generated using brain-specific promoters such as nestin [9, 10] and CaM-kinase-II [11, 12] , expression is often "leaky" and the gene may be expressed outside of the intended region. Somewhat tighter control over gene expression is possible through small molecule response elements [13] [14] [15] , but the extra time and expense of creating these regulatable elements tend to limit their use to cases in which it is necessary to avoid an early lethal phenotype or to study a particular developmental stage. Simple promoter targeting in transgenics lacks the extra temporal-spatial precision possible with viral-based, somatic cell "transgenics," in which genes can be stereotactically delivered to the brain under control of both capsid proteins and promoter/regulatory elements.
Despite their limitations, classical transgenics remain the ultimate tool for testing a gene's function and provide many useful animal models. These models are generally compatible with various techniques of somatic cell transgenesis, including viral vectors. For example, it is possible to create hybrid germline/somatic hybrids to study brain function, with viral vector-mediated stereotactic delivery of the cre recombinase gene to transgenics containing flanking lox elements [16] ; this method combines the standard germline approach [17, 18] with the rapidity and temporal-spatial specificity of viral vectors, allowing investigators to "turn on" the effects of the transgene in a well-controlled manner while avoiding the time and expense of selecting and breeding cre-lox double heterozygotes.
In both somatic-cell and germline modified animals, it is possible to exert control over gene expression using drugresponsive elements that can activate an otherwise silent phenotype or repress a constitutively active one. These drugs, typically steroids and antibiotics, are designed to cross the blood-brain barrier and can be peripherally administered. Recombinant adeno-associated virus (AAV) vectors have been used to introduce inducible/repressible genes to the rodent brain [19] , regulated both by neural-specific promoters and drug-responsive elements, allowing for multi-level control over expression [20, 21] . Alone or in combination with classical transgenics, a range of inducible/repressible gene constructs are available for targeting expression and assessing complex temporal-spatial patterns of gene function in the brain. 
Viral Vectors as Part of an Integrated Functional Genomics Program

Toward the Use of Viral Vectors for Large-Scale Expression Studies
At least 3 ϫ 10 4 human genes (of which many are likely to be important in the brain) have been identified through the Human Genome Project (HGP), and other sequencing projects are already underway in mouse, rat, dog, cat, sheep, pig, cow, monkey, and kangaroo [22, 23] . With the completion of whole-genome sequencing under the HGP and ongoing efforts in other mammalian projects, an important application of viral gene transfer will be in vivo characterization of newly cloned genes. As genes are directly sequenced and assigned putative functions based on theoretical considerations, promising candidates are being selected for many disease and developmental genes. Some basic characteristics of a gene may be inferred from internal sequence cues or through database comparison of DNA and protein homologues, but such theoretical analysis is limited on its own, especially given the gaps in current mammalian sequencing projects.
The completion of large-scale sequencing projects in a wide variety of organisms will facilitate prospective or comparative genomics [24] , and data mining will then provide candidate genes for in vivo functional characterization.
Recent advances in techniques of combinatorial expression analysis such as RT-PCR clustering [25] , serial analysis of gene expression (SAGE), and particularly gene microarrays [26] are important for identifying structure-function relationships among gene families, yet their main role is correlative analysis of genes rather than proving a function for a given gene in a specific context. Theoretical models offer a provisional and largely static view of gene function, whereas genes are dynamic entities that form a complex, interrelated pattern in living organisms; the operation and function of a gene may vary greatly depending on what other genes are co-expressed in a particular brain region or physiologic condition, sometimes over a very short period of time. For example, genes encoding transcription factors, cytoskeletal elements, or 
In a complex and heterogeneous system such as the brain, the ultimate test is to change gene expression and then to assess different physiologic outcomes over time. The latest generation of viral vectors, such as AAV and lentivirus, is ideal for introducing multiple real-time changes in gene expression, due to their high levels of expression and lack of deleterious effects.
Following the isolation of interesting clones from genomic and brain cDNA libraries, it will be possible to administer new genes and splice variants, singly or in combination, to the brain with viral vectors. The advantages of making cDNA clones available to investigators for functional genomics were addressed by the IMAGE consortium [27] and more recently by the "Mammalian Gene Collection" (MGC) of full-length cDNA resources [28] . These clearinghouses will help to accelerate the pace of brain functional studies using gene transfer vectors.
Once a gene is chosen for study, packaged in viral vectors, and stereotactically delivered, it is possible to study effects on animal behavior, neurochemistry, electrophysiology, and regional gene co-expression. Phenotypic changes can be measured through cognitive and motor tests, many of which are now fully automated through the use of laser or infrared grids and data analysis software. Brain chemistry, electrical activity of neurons, and metabolism can be measured in real time with microdialysis and depth electrodes (voltametry, biosensors). Anatomical changes can be observed with non-invasive imaging to follow the expression patterns of brain proteins in live mammals in real time. Techniques for in vivo imaging of brain reporter genes using magnetic resonance scanning have existed for several years [29, 30] and, more recently, charge-coupled devices (CCD) with image analysis software allowed in vivo quantification of light-emitting proteins [31, 32] . Positron emission tomography (PET) technologies also have been used to measure in vivo expression of certain marker genes in conjunction with pro-drugs [46, 47] . These techniques add to our ability to study real-time brain gene expression in mammals, in the same way that Drosophila melanogaster development and its temporal-spatial transcriptional gradients were modeled in the past. Alternatively, one can indirectly assess gene function in the brain by serially monitoring the co-activation of other genes at the RNA and protein level using microarray analysis and immunohistochemical techniques.
Viral Vectors and the "High-Throughput" Dilemma
Viral vectors have never been perceived as good candidates for "high-throughput" or industrial-scale characterization of genomic DNA of unknown function. At this time, they are best suited to detailed analyses of genes that have been partially characterized. Though it generally requires less work than germline transgenic approaches, the production of large quantities of high-titer virus and neurosurgical injection of experimental animals is still a labor-intensive and costly process. One improvement in AAV production uses helpervirus-free production techniques with plasmid co-transfection and column purification [33] , which makes high-titer rAAV production faster and less expensive. Compared with other techniques, viral vectors may eventually offer an alternative high-throughput method to address complex neuroanatomical and neurophysiologic questions.
The most high-throughput method of gene capture and analysis is large-scale, systematic disruption of genes, which has been implemented in both mammalian and non-mammalian systems. For example, the Berkeley Drosophila Project has carried out insertional mutagenesis throughout the Drosophila genome, the final goal being to catalog the disruption of all ~ 12,000 genes. These disruptions are classified on the basis of both phenotype and direct molecular mapping, and have been shown to share functional similarities with a number of mammalian genes [34, 35] . Large-scale genomic disruption also has been performed in mice using ES technology; several promoter-trap or gene-trap methods of targeting have been used [36] [37] [38] [39] for tagging and retrieval of genes. When the respective transgenic clones are grown using ES cells, the spatial-temporal localization of "trapped" genes in the brain can be studied through reporter gene expression patterns [40, 41] . Both deletional and insertional mutagenesis have been performed, and rapid identification of transgenic animals is possible on the basis of inserted coat color genes [42] .
The final goal of "gene trapping" is to create a comprehensive library of cells with readily identifiable disruptions throughout the genome, so that clonal cells with tagged mutations may be applied to the generation of transgenic animal lines through ES or nuclear transfer techniques. Many transgenic clones with a defined genetic knockout may thus be generated. An important limitation of whole-genome mouse knockouts is that the mouse genome is not strictly homologous to the human genome and thus certain genes cannot be tested. Moreover, some knockout regions may be cryptic. Finally, this technology is not widely available to test numerous genes that show immediate potential for generating animal models. When they do become accessible, comprehensive collections of "knockout" cell and animal clones will provide valuable tools that will prove especially useful in conjunction with viral vectors -for instance in phenotypic rescue studies or the generation of new chimeras using viral gene transfer to the brain.
An alternative high-throughput approach to functional genomics involves the systematic addition of genomic sequences using yeast and bacterial artificial chromosomes (YACs and BACs, respectively) to create transgenic mice, either by directly introducing a large piece (~ 150 kb) of genomic DNA with its native promoter and regulatory elements into the pronucleus of a mouse oocyte, or by introducing the YAC/BAC construct to ES cells by lipofection, which are then fused with blastocysts to make chimeras [43] . Animals other than mice may be modified when the non-EScell technique is used, which has the advantage of a more direct approach. Although pronuclear injection is still an arduous and inefficient technique, in vitro manipulation of the YAC/BAC allows for precise mutagenesis and attachment of marker genes or epitopes to the genes of interest [44] . A proposed advantage of the BAC approach for functional genomics is that large native promoter elements can be incorporated, which tend to minimize positional effects on gene expression once the gene integrates into the mouse genome. These native promoter elements may be quite weak or unpredictable, however, and incapable of expressing every gene of interest to the extent that it will demonstrate a detectable phenotype. The United States government has funded a "HighThroughput Expression Project" that aims to create a "gene pipeline" of as many as 5000 genes in a 5-year period, using BAC technology to express human disease genes, developmental genes, and unknown genes (ESTs) in mice. The aim is to catalog detailed neuroanatomical expression patterns that may be used in correlative studies on gene function. In terms of gene cloning and handling of animals, this gene pipeline involves a prodigious amount of work and is certainly no faster than recombinant viral techniques. Viral vectors have already been used to target ES cells, and could be used in a complimentary fashion to BAC transgenesis, both for germline and somatic studies. Although viral vectors such as AAV and lentivirus are much too small to deliver many genomic sequences, especially those with large promoter sequences and introns, newer vectors such as viral-encapsidated artificial chromosomes may supplement transgenic studies with BACs in the future [45] .
Conclusion
Here we have tried to emphasize the complimentary nature of viral-based somatic cell transgenesis. Viral-based methods have several important limitations, most significantly their relative lack of standardization and their inherent size limitations. Viral vectors will never replace transgenic animals as a research tool; however, when used in conjunction with transgenic technology, the full value and power of viral-based transgenesis can be realized (see figure) . Further progress in virology and vector design will help to realize this goal of an integrated approach to functional genomics in the brain.
